Abstract Many melittophilous flowers display yellow and UV-absorbing floral guides that resemble the most common colour of pollen and anthers. The yellow coloured anthers and pollen and the similarly coloured flower guides are described as key features of a pollen and stamen mimicry system. In this study, we investigated the entire angiosperm flora of the Alps with regard to visually displayed pollen and floral guides. All species were checked for the presence of pollen-and stamen-imitating structures using colour photographs. Most flowering plants of the Alps display yellow pollen and at least 28% of the species display pollen-or stamen-imitating structures. The most frequent types of pollen and stamen imitations were (mostly yellow and UV-absorbing) colour patches on petals (65% of species displaying imitations), patterns of inflorescences (18%), stamen-like pistils (10%), and staminodes (6%), as well as three-dimensional structures such as convex lower lips and filamental hairs (\5%).
Introduction
Melittophilous flowers display a great diversity of visual signals to attract pollinators . For flower-visiting bees, floral colour patterns are of outstanding importance for long-distance perception and orientation at close range . Whereas largescale components of flowers and inflorescences serve as distant attractants, small-sized features function as floral guides directing flower visitors to distinct areas of the flower facilitating access to floral reward and/or pollen transfer Wilmsen et al. 2017) . Several morphological structures contribute to the development of small-sized components of floral colour patterns such as pollen, anthers, stamens, receptacles, styles, staminodes, colour patches, or the arrangement of florets within an inflorescence (Lunau 2000 (Lunau , 2007 . To understand In honour of Charles Michener and Stefan Vogel.
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signalling of flowers and inflorescences, it is helpful to assume that various structures might contribute to a uniform signalling colour pattern. By contrast, in many studies only colour markings of petals are regarded as floral colour patterns. In this study, the neutral term floral guide is preferred to nectar guide, pollen guide, or honey guide, which are terms that imply a specific purpose. Furthermore, the non-interpretive term imitation is used to indicate the similarity of structures, whereas the term mimicry is used to denominate structures thought or known to deceive flower visitors owing to their inability to discriminate between the mimic and a model signal (Dafni 1984; Roy and Widmer 1999; Johnson and Schiestl 2016; Lunau and Wester 2017) .
Floral colour patterns consist of at least two different colours, one usually large-sized, peripheral colour component and one generally small-sized, central colour element. In the 1970s, two researchers highlighted-largely independently of one another-one common particular aspect of floral colour patterns, namely signalling structures visually resembling pollen and anthers in colour and shape. The zoologist Günther Osche focused on the evolution of these stamen-imitating floral guides (Osche 1979 (Osche , 1983a . He regarded the colour of pollen as the very first floral colour signal in angiosperm evolution and a cue for flower visitors predating the evolution of conspicuous petals (Osche 1986) . He also argued that primarily anemophilous flowering plants developed yellow and UV-absorbing pollen by embedding flavonoid pigments as protection against bacteria, fungi, and ultraviolet radiation. Flavonoids like quercetin thus represent a preadaptation and a reliable cue for the very first flower visitors at a time when flowers had neither petals nor other signalling structures (Osche 1983a) . Osche (1979 Osche ( , 1983a Osche ( , b, 1986 distinguished various forms of mimicry such as pollen, anther, stamen, and androecium mimicry, independently of the way of deception of the signal receivers.
The botanist Stefan Vogel discussed the deceptive nature of floral guides that possess the same colour as pollen and stamens (Vogel 1978) and categorised various types of deception (Vogel 1993) . Contrary to Osche, Vogel did not agree that pollen-and stamen-mimicking floral guides might function as nectar guides and thus deceive nectarseeking flower visitors. Consequently, Vogel distinguished between nectar guides and pollen guides. He only regarded orchids, in which the flower visitors are unable to eat or harvest pollen, and pollen-mimicking pistillate flowers of diclinous plants, which lack stamens, as absolute pollen deceptive flowers. Vogel also noticed that bees handle stamens and presumed stamen mimics differently, namely that bees search for pollen with characteristic movements exclusively at real stamens. We can confirm the observations of Vogel that bees do not show typical pollen collection behaviour at pollen-and stamen-imitating floral guides (Lunau, personal observation) , but assume that Vogel observed experienced bees that might have altered their behavioural response to stamen mimics. Thus, it remains an open question whether naïve bees initially exhibit pollen-collecting behaviour at stamen mimics. These observations are supported by laboratory experiments demonstrating that bumblebees collect chemically inert pollen surrogates such as glass powder (Lunau et al. 2015) , indicating that chemical stimuli of real pollen are dispensable for triggering this behaviour. Westerkamp (1996) discussed the different concepts of Osche and Vogel; for him, it is incomprehensible why flowers would display the same signal for the attraction of nectar foragers and pollen foragers. Both Vogel (1978 Vogel ( , 1993 and Osche (1979 Osche ( , 1983a regarded the pollen-and stamen-imitating signalling structures as a multi-faceted phenomenon. It includes the imitation of entire flowers, the imitation of pollen-bearing male flowers by female flowers in diclinous species, the imitation of pollen colour by poricidal anthers that conceal pollen, and the imitation of the flowers' own pollen, which constitutes a partial deception. The feigning of a larger amount of pollen, the pretence of a continuous pollen offer in dichogamous flowers, and conspicuous pollen-imitating structures deflecting from less conspicuous real pollen represent additional variants of pollen imitation.
The works of Vogel (1975 Vogel ( , 1978 Vogel ( , 1993 and Osche (1979 Osche ( , 1983a Osche ( , 1986 , although both rich in the description of pollen-and stamen-imitating or -mimicking species, have inspired many researchers to describe additional pollen-and stamen-mimicking structures in various species of flowering plants. Some examples in the Orchidaceae family are Calypso bulbosa (Boyden 1982) , Cephalanthera longifolia (Dafni and Ivri 1981) , Thelymitra nuda (Bernhardt and Burns-Balogh 1986), Dendrobium unicum (Davies and Turner 2004) , Eulophia spp. (Peter and Johnson 2013) , and Phaius delavayi (Li et al. 2010) . Imitations can also be found in the Scrophulariaceae Craterostigma plantaginea and Torenia polygonoides (Magin et al. 1989) , diclinous begonias (Å gren and Schemske 1991; Schemske et al. 1996; Wyatt and Sazima 2011; Castillo et al. 2012) , and Crocus flowers with stamen-imitating styles . Additionally, there is an abundance of flowers with conspicuous staminodes (Hardy and Stevenson 2000; Hrycan and Davis 2005; Ushimaru et al. 2007; Walker-Larsen and Harder 2000) and various types of imitations in other flowering plants (Bernhardt et al. 1984; Simpson et al. 1986; Weber 1989; Harder and Barclay 1994; Leins and Erbar 1994; Barthlott 1995; Dobson et al. 1996; Peisl 1997; Lunau 2000 Lunau , 2007 Sigrist and Sazima 2004; Sá-Otero et al. 2009 ). The phenomenon of pollen and stamen mimicry has also been discussed in reviews (Dafni 1984; Roy and Widmer 1999; Lunau 2000 Lunau , 2007 Lunau and Wester 2017) and textbooks of pollination ecology (Weberling 1992; D'Arcy and Keating 1996; Lloyd and Barrett 1996; Willmer 2009; Leins and Erbar 2010; Schaefer and Ruxton 2011; Johnson and Schiestl 2016) .
The response of flower visitors to pollen-and stamenimitating signals (Fig. 1) has been studied for hoverflies, bumblebees, and western honey bees. Syrphid flies of the genus Eristalis respond to the yellow and UV-absorbing colour with a visually elicited proboscis reflex (Lunau 1988; Lunau and Wacht 1994) , which is strongly inhibited by admixed ultraviolet or blue light (Lunau and Wacht 1997) . These syrphid flies are also able to detect the amino acid proline as a common constituent of pollenkitt by taste receptors on the proboscis and on the tarsi (Wacht et al. , 2000 . Yellow dot guides were shown to prolong handling time of artificial flowers (Dinkel and Lunau 2001) and dot guides displaying a colour gradient from red to yellow direct hoverflies towards the yellow end of the colour gradient . Besides wind, bees are d Saxifraga umbrosa flower displaying coloured dot guides from red to yellow indicating the direction to search for nectar in the centre of the flower and at the same time deflecting from the pollen offered by some anthers. e Apis mellifera (Apidae) drinking nectar from a flower of Myosotis palustris (Boraginaceae) after inserting its proboscis into the floral tubes marked by a three-dimensional, yellow ring. f Episyrphus balteatus (Syrphidae) hoverfly extending its proboscis towards the yellow ring of a Myosotis sp. flower Pollen and stamen mimicry: the alpine flora as a case study 429 regarded as the world's most important pollination agents (Michener 2000) , even though bees often have to be manipulated by plants to transfer pollen to the stigma of conspecific flowers. Bees also may visit flowers without touching the stigma or act as pollen thieves (Michener 2000) . In fact, bees and flowers compete for the utilisation of pollen, since female bees collect pollen to provision their offspring with proteins (Westerkamp 1997) . In this context, the pollen and stamen imitations of flowers might be interpreted as signalling structures to promote pollination by altering the flower handling by bees. When approaching a flower, bumblebees target towards floral guides and make the initial physical contact with a flower with the tips of their antennae (Lunau 1990 (Lunau , 1991 (Lunau , 1992a (Lunau , 1993 Lunau et al. 2006 Lunau et al. , 2009 . The colour parameters of floral guides eliciting the antennal response are the colour contrast between floral guide and corolla, as well as the superior colour purity of the floral guide compared to the corolla (Lunau et al. , 2006 (Lunau et al. , 2009 Heuschen et al. 2005; Pohl and Lunau 2007; Pohl et al. 2008) . Flower guides are also known to reduce nectar robbing (Leonard et al. 2013 ) and handling time if they are close to the site of reward, even in the case of inexperienced bees (Orban and Plowright 2014). However, black, white, and other coloured nectar guides that do not imitate stamens or pollen might have similar effects on the reduction of handling time (Dinkel and Lunau 2001; Leonard and Papaj 2011) . These behavioural studies have resulted in a broad acceptance of floral guides being pollen and stamen imitations and acting as signalling structures of flowers (Dafni and Giurfa 1998, 1999; Dafni and Kevan 1996; Duffy and Johnson 2015) .
A thorough investigation of how widely pollen-imitating signalling structures are distributed in flowering plants is missing. In this study, the flora of the Alps is investigated with regard to visual signalling of pollen and stamens, floral colour patterns imitating the colour pattern displayed by natural pollen, and floral guides contrasting against the corolla. The study ignores chemical cues of pollen (Dobson 1988; Dobson et al. 1996 Dobson et al. , 1999 , since comparative data about pollen odour in alpine plants is rare and data about odour of pollen-imitating structures are missing completely. The case study comprises all species of flowering plants listed by the Flora alpina (Aeschimann et al. 2004 ), irrespective of pollination by wind, insects, or otherwise. The study aims at estimating the number of species contributing to the rather uniform colour pattern originating from yellow pollen and anthers as well as yellow pollenand anther-imitating structures of flowers and inflorescences. The study further focuses on distinguishing the phenomena of true pollen and anther mimicry, signal standardisation, and sensory exploitation to denote floral colour patterns.
Materials and methods
All flowering plants of the Alps listed in the Flora alpina (Aeschimann et al. 2004) , 4328 species in 42 orders and 136 families, were surveyed by means of the colour photographs included in the books and additional colour photographs from various reliable internet sources (see additional electronic sources). The presence of pollen-and stamen-imitating structures as well as the colour of pollen and pollen-or stamen-imitating structures was noted and evaluated for all species. Gymnospermae were excluded from this study. The classification of angiosperm taxa was conducted according to the Angiosperm Phylogeny Group (Chase and Reveal 2009) . Additional information about the mode of pollination and floral reproductive morphology (dicliny, dichogamy, and heterostyly) was recorded and evaluated. The colours of pollen and anthers were classified into colour hue categories according to human colour vision. Reflectance in the ultraviolet waveband could not be taken into consideration; however, it has been shown that yellow pollen usually absorbs ultraviolet light (Lunau 1995) . The presence of stamen-imitating structures was analysed concerning different insect pollinators and regarding plant reproductive morphology (dicliny and dichogamy). A Chi-square test of goodness of fit was conducted for the comparison of observed frequencies of imitations (i.e. in dichogamous species) to expected frequencies and a Chi-square test of independence (contingency test) was used to compare two sets of frequencies, i.e. the frequencies of stamen-imitating structures between dichogamous and non-dichogamous species.
Pollen and stamen imitations were categorised in yellow and UV-absorbing colour patches of flowers, inflorescences, staminodes, three-dimensional structures such as lower lips and protuberances, filamental hairs, and styles/ c Fig. 2 Diversity of pollen mimicry. a Orobanche gracilis (Orobanchaceae) flower displaying a bilobed, yellow stigma. b Colutea arborescens (Fabaceae) flower with hidden stamens and an almost invisible anther-shaped colour patch on the standard. c Colutea arborescens flower displaying an ultraviolet colour pattern. d Craterostigma plantagineum (Linderniaceae) flower with anther-like, three-dimensional colour patches on a knee of the filaments. e Verbascum phoeniceum (Scrophulariaceae) with yellowish filamental hairs and within-flower heteranthery. f Aesculus hippocastanum (Sapindaceae) flower with a yellow floral guide that undergoes colour change towards red. g Bougainvillea spectabilis (Nyctaginaceae) flowers resembling stamens and in combination with the violet bracts resemble a larger flower. h One of three floral morphs of Eichhornia crassipes (Pontederiaceae) with cryptic stamens and pollen and a conspicuous uniform yellow floral guide. i Commelina coelestis (Commelinaceae) with heteranthery including three yellow staminodes, one fodder stamen and two cryptic pollination stamens bent inwards to conceal the yellow pollen grains. j Iris 9 germanica (Iridaceae) with a beard of stamen-like protuberances on the downwards-bending perigone leaf. k Lagerstroemia indica (Lythraceae) with conspicuous yellow fodder stamens and cryptic pollination stamens stigmata coloured like stamens (Fig. 2) . It was not possible to check the ultraviolet absorbance properties of yellow signalling structures for all species. Whenever possible, UV photographs and information about ultraviolet absorption were checked using the studies of Biedinger and Barthlott (1993) , Burr and Barthlott (1993) , and Burr et al. (1995) , photographs published on the internet (Rørslett 2006) , and by means of UV photographs (Lunau 1996 (Lunau , 2000 (Lunau , 2007 . Missing information about the ultraviolet reflectance of floral signalling structures is problematic, since it is crucial for the understanding of flower colours as perceived by bees (Daumer 1958) . However, pollen-or anther-sized yellow signalling structures rarely reflect ultraviolet light (Lunau, personal observation) .
Results
More than one quarter of the 4328 angiosperms of the Alps (27.7%, 1198 species) possess pollen-and stamen-imitating structures of flowers or inflorescences. These comprised 32.4% of the total species of flowering plants that could be checked for the presence of these structures by means of colour photographs. Owing to insufficient photographs of the flowers, 629 species were not studied.
Besides wind, mostly insects were listed as pollinators of the studied species, including hymenopterans, dipterans, coleopterans, and lepidopterans in various combinations. Out of 2938 species labelled as entomophilous, 1068 species possess a pollen-or stamen-imitating structure. Stamen-imitating structures were significantly more frequent in flowering plants pollinated by Diptera and Coleoptera (Chi-square test of goodness of fit: V 2 = 4.83, p \ 0.05). They were significantly less frequent in plants pollinated by Diptera and Hymenoptera (V 2 = 17.13, p \ 0.0001), by Hymenoptera (V 2 = 198.82, p \ 0.0001), by Diptera, Hymenoptera, and Coleoptera (V 2 = 60.81, p \ 0.0001), by Diptera, Hymenoptera, and Lepidoptera (V 2 = 17.13, p \ 0.001), and by Lepidoptera (V 2 = 31.02, p \ 0.0001). The number of species with stamen-imitating structures did not differ significantly from the number of species without stamen imitations in flowering plants pollinated by Hymenoptera and Lepidoptera (V 2 = 0.04, p = 0.835), by Diptera (V 2 = 3.26, p = 0.071), and by other Insecta (V 2 = 3.77, p = 0.052) (Fig. 3a) . Out of 2938 entomophilous species, 1244 species are dichogamous and 41.5% of them feature stamen imitations. Dichogamous species display stamen-imitating structures significantly more often than non-dichogamous species (Chi-square test of independence: V 2 = 22.58, p \ 0.001). The percentage of species displaying stamen-imitating structures is higher in protogynous species (57.9% out of 240 species; Chi-square test of goodness of fit: V 2 = 6.02, p \ 0.05) than in protandrous species (37.6% out of 1004 species; V 2 = 62.25, p \ 0.001); this difference is highly significant (Chi-square test of independence: V 2 = 33.10, p \ 0.001) (Fig. 3b) .
Out of the 534 species that are both entomophilous and diclinous, 52.1% possess stamen-imitating structures. Diclinous species display stamen imitations significantly more often than non-diclinous species (Chi-square test of independence: V 2 = 67.66, p \ 0.001) and monoecious species display stamen imitations significantly more often than dioecious species (V 2 = 47.65, p \ 0.001). In monoecious and gynomonoecious plants, the number of species displaying stamen-imitating structures is significantly higher than the number of plants without imitations (Chi-square test of goodness of fit; monoecious: V 2 = 31.12, p \ 0.001; gynomonoecious: V 2 = 49.28, p \ 0.001). In contrast, dioecious, gynodioecious, and andromonoecious species possess stamen imitations significantly less often (dioecious: V 2 = 16.90, p \ 0.001; gynodioecious: V 2 = 14.22, p \ 0.001; andromonoecious:
In some species-rich plant families, the frequency of pollen and stamen imitations is above average, particularly in the Asteraceae, Boraginaceae, Scrophulariaceae, Violaceae, Ranunculaceae, Saxifragaceae, and Iridaceae (Table 1) , whereas in others pollen and stamen imitations are less frequent, for example in the wind-pollinated families Juncaceae, Cyperaceae, Poaceae, and in the Apiaceae with many small-sized flowers forming umbels. Interestingly, some plant families with extraordinary 3D-morphology such as Fabaceae and Lamiaceae include only few species with pollen and stamen imitations. In the Orchidaceae, many species with sexual deception have evolved exceptional attraction strategies that dispense with pollen and stamen imitation (Table 1) .
44% of the alpine angiosperms have yellow pollen, followed by 8% with white, 4% with violet, and 3% with rose pollen. Flowering plants with brown, orange, red, black, green, and blue pollen are rare and constitute less than 3% (Table 2) . Thus, 70.9% of the species that could be checked for their pollen colour had yellow or orange pollen. Pollen colour could not be determined for 36% of species due to a lack of photographs in which the pollen colour was visible. Out of the 1198 species possessing stamen-imitating structures, 67% have yellow pollen and 57% have yellow anthers, whereas only 44% of the 2501 species without stamen-imitating structures have yellow pollen and 31% have yellow anthers (Table 2) .
The most frequent types of pollen and stamen mimicry were yellow and UV-absorbing colour patches of flowers (65%) and of inflorescences (18%), stamen-like pistils (10%), and staminodes (6%); three-dimensional structures such as lower lips and protuberances as well as filamental Pollen and stamen mimicry: the alpine flora as a case study 435 R number of species. Types of pollen mimicry: pattern colour pattern, infloresc. inflorescence, pistil transformed pistil, stamin. staminodes, structure convex structure, 3D lip three-dimensional lip, hair fil. hair on filament, UV b.e. UV bull's eye * Species may display more than one colour/type of pollen mimicry (percentages are calculated using the number of species, not the sum of pollen mimicry colours/types) Pollen and stamen mimicry: the alpine flora as a case study 437 hairs were rarely found (\4%). The predominant colour of pollen-and stamen-imitating structures was yellow or orange, which was found in 70% of the species (Table 2) .
Discussion
The signal uniformity of flowering plants of the Alps is enormous, since 44% of the species display yellow pollen and 28% of the species display pollen-imitating signalling structures (Fig. 4) . This confirms the finding of previous studies stating that yellow is the predominant pollen colour (Osche 1979; Lunau 1995) . The overlap between species possessing yellow pollen and species displaying yellow pollen-imitating signalling structures is large and amounts to 545 species (28.4% out of all species with yellow pollen). The evaluation of the extent of this mimicry system is complex, since it comprises model species, mimic species, and signal receivers. One might consider all flowering plants that visually display yellow, UV-absorbing pollen as model species. Flowers in which pollen is invisible but advertised in yellow and UV-absorbing anthers, e.g. the flowers of the Solanaceae with poricidal anthers, might be deemed either model or mimic. Flowers displaying yellow, UV-absorbing floral guides that offer any kind of reward might also be considered either model species or mimic species. Consequently, only nectarless orchids that offer pollen in the form of uneatable and uncollectable pollinaria are pollen-and stamen-mimicking species-with few exceptions (Sanguinetti et al. 2012) . It is noteworthy that some orchids offer pollen surrogates (Beck von Mannagetta and Lerchenau 1912, 1914; Davies et al. 2013) .
Recipients of pollen-imitating signals are pollinators that collect pollen, e.g. female bees and masarid wasps (Mueller 1996) , or eat pollen on flowers, e.g. many fliesparticularly hoverflies-some flower-visiting beetles, and few micropterygid butterflies (Faegri and van der Pijl 1966) . Marking the beginning of pollination ecology, Sprengel (1793) described that yellow flower markings (e.g. the yellow centre of Myosotis flowers) often guide insects to floral rewards and he inferred that all flower colours serve as orientation help for insects. Thus, the first mentioning of flowers not being colourful to please humans, but to attract insects included an anther imitation (Osche 1983a) .
The evolution of pollen and stamen mimicry provides insight into the exceptional role of the original pollen colour as the primary floral colour signal (Osche 1979 (Osche , 1983a (Osche , b, 1986 . Primarily wind-pollinated flowering plants do not possess conspicuous flowers; in fact, all bulky floral structures that might impede pollen transfer are absent. The flowers are thus inconspicuous except for the pollen, which is yellow due to flavonoid pigments in the pollen exine (Thompson et al. 1972; Rieseberg and Schilling 1985) . The pollen sac walls possess these protective pigments as well. Pollenkitt is mostly absent in wind-pollinated plants. It is known that flower visitation of insects predated the origin of angiosperms (Pellmyr 1992) and that pollen herbivores also ate pollen of primarily wind-pollinated plants (Stanley and Linskens 1974; Dobson 1988 ). Since primarily wind-pollinated flowers are unisexual, one might suggest that pollen herbivores only visited staminate flowers and might have been attracted by the colour of pollen and anthers (Labandeira et al. 1994; Labandeira 1997) , whereas pollination droplet drinkers might have specialised to visit pistillate flowers (Kato and Inoue 1994) . It has been suggested that early angiosperms possibly evolved in dry and/or windless habitats and benefitted from the evolution of hermaphroditic flowers (Friedman and Barrett 2009 ), because then pollen herbivores and pollination droplet drinkers were not solely antagonistic flower visitors, but could transfer pollen from stamens to stigmas of conspecific flowers. For these early flower visitors, flowers made an appearance by means of their conspicuous pollen grains and anthers. The signalling apparatus of present-day flowers might have thus evolved to enhance or contrast against the visual pollen signal.
Hermaphroditic flowers face the problem of self-pollination and have evolved various mechanisms to reduce self-pollination, such as heterostyly, dichogamy, and secondary dicliny. These floral morphs and flowering phases offer different amounts of pollen rewards and thus benefit from displaying uniform pollen-imitating signals instead. Furthermore, flowers pollinated by pollen-eating or pollencollecting insects might benefit from shielding their pollen against harvesting and offering alternative rewards. This justifies regarding yellow, UV-absorbing pollen and pollen-bearing anthers as models, similarly coloured signalling structures as mimics and the pollen-eating orc Fig. 4 Diversity of pollen mimicry in alpine flowering plants. a Flowers of eyebright, Euphrasia rostkoviana (Orobanchaceae), with yellow floral guide. b Snow-rose, Rhododendron ferrugineum (Ericaceae), displaying stamens with yellow anthers and whitish pollen. c Flower of grass-of-Parnassus, Parnassia palustris (Celastraceae), with cryptic white stamens and pollen, and conspicuous yellow staminodes. d Caltha palustris (Ranunculaceae) flower with yellow stamens and pollen. e Flower of marsh-marigold, Caltha palustris, with an enhanced floral guide providing an ultraviolet bull's eye. f Flowers of forget-me-not, Myosotis arvensis (Boraginaceae), with three-dimensional yellow inner ring undergoing colour change towards white. g Flowers of common cow-wheat, Melampyrum pratense (Orobanchaceae), with arched, deep yellow lower lip. h Inflorescences of the alpine aster, Aster alpinus (Asteraceae), with yellow disc florets and violet ray florets. i Alpine toadflax, Linaria alpina (Plantaginaceae), displaying a gullet blossom with an orangeyellow, three-dimensional mask. j Dark mullein, Verbascum nigrum (Scrophulariaceae), with orange pollen and contrasting violet filamental hairs collecting flower visitors as signal receivers of a speciesrich mimicry system ).
Vogel's consequent line of argument (Vogel 1993) , in which he accepts pollen-and anther-mimicking structures only for pollen-rewarding flowers and flower visitors searching for pollen, is strictly based on the mimicry concept that requires the deception of a signal receiver that cannot (fully) discriminate between the signals of model and mimic. This arguable point of view ignores, however, that flower visitors are accustomed to finding flowers that have been emptied by previous visits by other flower visitors. Moreover, pollen-eating hoverflies as well as pollencollecting bees exploit floral nectar and pollen resources on the same foraging bout and even on the same flowers and thus the assignment of a flower visit to one particular resource is difficult (Konzmann and Lunau 2014; Lunau and Ren personal observations) .
The phenomenon of pollen, anther, stamen, and androecium mimicry comprises true mimicry, sensory bias, sensory exploitation, and signal standardisation. In the following paragraphs, definitions of these phenomena are presented and discussed by means of common and wellknown exemplary species.
True mimicry
Mimicry, in the narrower sense, is the deception of a signal receiver that is unable to discriminate between a model and a mimic. True mimicry thus involves three protagonists, which are model, mimic, and signal receiver. In pollen mimicry systems, perceptible properties of pollen grains represent the model, similar properties of other structures represent the mimic, and flower-visiting insects are the signal receivers orienting by means of pollen cues and deceived by responding to pollen-mimicking signals. Here, pollen, anther, stamen, and androecium mimicry are treated as aspects of one single phenomenon. For example, in the unisexual flowers of Cucurbita pepo, pistillate flowers deceive pollen-collecting insects. The visual resemblance between androecium and style is striking, although the staminate and pistillate flowers may considerably vary in diameter (Costich and Meagher 2001) . In the genus Begonia, dicliny is combined with the absence of nectar; in this case, only the staminate flowers offer pollen, whereas the pistillate flowers are deceptive flowers (Schemske and Å gren 1995; Schemske et al. 1996; Wyatt and Sazima 2011) . Pollination by deceit is common among plants with unisexual flowers (Willson and Å gren 1989) .
The issue of mimicry in floral guides is a complex phenomenon and includes several controversial aspects. An essential aspect of mimicry is the deception of a signal receiver that cannot fully discriminate between model and mimic. By definition, mimicry systems include a model as protagonist; mimicry without model is thus self-contradictory. However, in many pollen and stamen mimicry case studies the specific model for a given pollen-or stamenmimicking signalling structure is not easily identified (Osche 1983a) . The correct approach is to consider the experience of individual flower visitors, i.e. the sequence of visited flowers or flowering plants. One might alternatively argue that the response to pollen-and stamen-mimicking signals is innate, which means that there is no specific model flower but rather an innate search image or fixed response to a key stimulus. In this argumentation, the model is in the eye of the beholder.
When looking for the model of an assumed pollen and stamen mimic, the most obvious are conspecific flowers. Automimicry is defined as mimicry within one species. In the context of pollen and stamen mimicry, automimicry means that model and mimic are found on the same flower or on different flowers of the same species. If pollen and stamen mimicry is regarded as an evolutionary process in which the display of real pollen and stamens has been replaced by the display of fake pollen and stamens, one might expect a transitional phylogenetic stage in which both real stamens and mimic stamens equally contributed to the visual stimulus. Only few species represent this transitional stage, e.g. Commelina spp. (Hrycan and Davis 2005) . Many species that visually display real pollen and stamens and pollen-and stamen-imitating signals possess cryptic or inconspicuous real stamens and visually conspicuous stamen-mimicking structures. However, there are many species in which yellow and UV-absorbing floral guides enhance the colour signal of the androecium. Ranunculus ficaria displays yellow and UV-absorbing pollen and stamens in front of a similarly coloured floral guide of the bull's eye type (Silberglied 1979; Medel et al. 2003; Koski and Ashman 2014) .
Regarding automimicry, there are heterantherous species in which some stamens serve as feeding stamens and others as pollination stamens (Pacini and Bellani 1986) . In some Commelina species, there are three different types of stamens in one flower, which are three conspicuous yellow and UV-absorbing staminodes without pollen, one stamen presenting and offering yellow and UV-absorbing pollen, and two pollination stamens which expose the inconspicuous side of the anther towards the pollinators, while the yellow pollen is invisible to approaching flower visitors (Faden 1992; Hrycan and Davis 2005; Ushimaru et al. 2007 ).
Floral mimicry
In pollination ecology, floral mimicry is categorised as Batesian and Müllerian mimicry (Dafni 1984; Roy and Widmer 1999; Johnson and Schiestl 2016) , with the former being based on deception, i.e. rewarding and non-rewarding species displaying similar signals, and the latter on adaptive resemblance in signalling between rewarding species (Johnson and Schiestl 2016) , i.e. rewarding species displaying similar signals and thus signalling honestly. According to Wickler (1965) , Dafni (1984), and Lunau (2011) , Müllerian mimicry does not fit the definition of mimicry, requiring a signal copy by which a signal receiver is deceived. Müllerian mimicry, including the classical example of two nectar-producing species with similar flower colour patterns, is better termed signal standardisation. However, the differences between Batesian and Müllerian mimicry are weak, since different flower visitors might respond differently to differences in nectar composition and concentration. When it comes to floral guides, the issue is even more complex, because mimic pollen signals are displayed to advertise nectar as well as pollen. Johnson and Schiestl (2016) discussed the semantics of Müllerian mimicry and reason that floral Müllerian mimicry systems are compiled by the consecutive addition of new species, rather than coevolution of species.
Evolution of pollen, anther, stamen, and androecium mimicry
The convergent evolution of pollen, anther, stamen, and androecium mimicry was facilitated by the preadapted yellow colour of pollen (Lunau 2002 (Lunau , 2004 . The yellow and UV-absorbing flavonoid pigments in the exine of pollen grains in primarily wind-pollinated plants-for example Gymnospermae and Gnetaceae-originally had a protective function (Osche 1983a) . In early insect-pollinated flowers, pollen and anthers additionally adopted a signalling function (Osche 1986 ). Since pollen-eating and pollen-collecting insects, e.g. hoverflies and bees, evolved innate responses to cues of pollen and anthers, flowers did not need to advertise pollen using real pollen and anthers, but could replace pollen and anther cues by pollen-and anther-mimicking signals (Lunau 2007; Papiorek et al. 2016) . In many evolutionary lines in which angiosperms might have benefitted from saving real pollen, pollen-and anther-mimicking structures have evolved. This holds for plants with diclinous flowers, dichogamous flowers, heterostylous flowers, heterantherous flowers, and flowers that conceal their pollen in the floral tube, keel, and other structures, or display camouflaged or otherwise less attractive pollen. Simple pollen-and anther-mimicking structures like staminodes, floral dot guides, and stigmas seemingly have evolved frequently and independently in many plant families (Osche 1983a; Walker-Larsen and Harder 2000; Lunau 2007 ; Table 1 ). A more specific type of anther mimicry displayed by bilabiate flowers, the yellow and UV-absorbing bulged lower lip closing the floral tube, has evidently evolved independently several times. Bilabiate flowers bearing anther-mimicking structures on the lower lip are known in the unrelated plant families Scrophulariaceae (Nemesia), Lentibulariaceae (Utricularia and Genlisea), Phrymaceae (Mimulus), Orobanchaceae (Melampyrum), and several genera of Plantaginaceae (Stevens 2001 onwards; Glover et al. 2015) . At least some genera of the Plantaginaceae displaying bilabiate flowers, i.e. Antirrhinum, Kickxia, Linaria, Cymbalaria, Asarina, Chaenorhinum, Gambelia, and Misopates, have evolved this feature independently as is apparent in the phylogeny of the Antirrhineae (Ogutcen and Vamosi 2016) . Another example of convergent evolution of pollen-and anthermimicking structures is the genus Iris (Iridaceae), in which many species display seemingly non-homologous pollenand anther-mimicking structures. These features include a simple yellow and UV-absorbing patch in Iris pseudacorus, a comb in Iris cristata, a bilobed ridge in Iris reticulata, a lacerated protuberance in Iris japonica, and a beard-like structure in Iris x germanica (Fig. 2j) . It seems that many branches within the genus Iris have formed before the onset of selective pressure to display pollen-and anthermimicking structures shaped the floral evolution.
Sensory bias
Flowers are 'sensory billboards' emitting stimuli that are modulated by the sensory system or cognitive process of the flower visitors. The variability of flower stimuli causes variation in the relative salience of these stimuli for flower visitors and selects their appropriate behavioural responses. One mechanism by which the adaptive outcomes are promoted is through sensory biases (Raine and Chittka 2007) causing the flower visitors to respond more strongly to those signals that appear pertinent to them. The spectral sensitivity of the flower visitors' photoreceptors (Peitsch et al. 1992; Lunau and Maier 1995) and the preference of colour stimuli causing distinct excitation patterns of photoreceptors have led to an intrinsic preference of yellow and UV-absorbing floral guides in hoverflies Wacht 1994, 1997) and spectrally pure colours in bumblebees (Lunau 1992b; Lunau et al. 1996) . Most stamenimitating floral guides display a spectrally pure and yellow, UV-absorbing colour and thus are attractive for both hoverflies and bumblebees. There are, however, some notable exceptions like the flowers of Digitalis purpurea displaying dark purple floral guides that have been interpreted as stamen mimics (Osche 1979) .
Sensory exploitation
The sensory exploitation hypothesis explains secondary sexual characters as adaptations to exploit the mate's Pollen and stamen mimicry: the alpine flora as a case study 441 response that evolved in another context (Ryan 1990 (Lunau and Wacht 1994; Lunau et al. 1996; Lunau 2014) . In training experiments, the bumblebees and hoverflies readily accept sugar water as a reward despite their guidance by pollenand anther-imitating signals. In Rhododendron ponticum, yellow, anther-imitating, large-area colour patches are displayed on the upward facing petal next to the nectary, which makes the stamens less conspicuous for flower visitors. Some anther-imitating structures even offer reward in the form of production of nectar droplets or secondary pollen presentation (Fig. 5) .
Signal standardisation
Bees can learn features of the flowers they visit and associate floral signals with the reward. In many angiosperms, the visual signals of pollen and stamens in general are not constant within species. Diclinous species possess staminate and pistillate morphs with only the former offering pollen. Heterostylous species possess two or three morphs that differ in the length of their stamens and the position of their anthers, respectively; these differences among morphs are correlated with differences in the amount of pollen, the size of pollen grains, and handling by pollen-collecting bees (Wolfe and Barrett 1987; Ashman 2000) . Dichogamous species possess a pistillate and a staminate flowering phase and offer more pollen in the staminate flowering phase. Successful cross-pollination requires the transport of pollen grains between flowers of different flowering phases rather than transport between flowers of the same flowering phase. To avoid bees learning the differences between the morphs or flowering phases in an effort to optimise pollen transfer, many species display pollen-or stamen-imitating structures and have inconspicuous or camouflaged pollen (Pohl et al. 2008) . The blue flowers of all three morphs of the tristylous Eichhornia paniculata possess cryptic pollen and stamens and display a yellow floral guide. In monomorphic island populations, the flowers have no yellow floral guide (Barrett 1985) . The cryptic dioecy in Actinidia polygama and some Solanum species including pistillate flowers offering pseudo pollen fit into this scheme as well (Knapp et al. 1998; Kawagoe and Suzuki 2004) . Nevertheless, pollen-and stamen-imitating structures that improve flower signal standardisation within and between species might be assigned to mimicry or sensory exploitation. Similarly, filamental hairs simulate a distinct amount of pollen independent of the amount of real pollen (Fig. 5 ) Bees are known to generalise when switching to new food plants (Gack 1981; Gumbert 2000) . Due to the abundance of yellow and UV-absorbing pollen, yellow anthers, and yellow floral guides, bees are able to orient at flowers visited for the first time by means of these standardised signals. In the context of pollen and stamen mimicry, it is important that in the spring time many flowers display their pollen, whereas in the summer time more flowers display pollen-and stamenimitating floral guides while pollen and anthers are hidden in the corolla (Lunau and Ren, personal observation). Flowers and inflorescences display similar colour patterns caused by different morphological structures including pollen, anthers, colour patterns, protuberances, and disc florets (Fig. 2) .
According to Osche (1979 Osche ( , 1983a Osche ( , b, 1986 , a strong selective pressure to replace signalling stamens with stamenmimicking structures is caused by the instability of the signalling properties of real stamens due to wilting, anthesis, and pollen depletion. Osche (1979) as well as Vogel (1993) regards the stiff anthers of Saintpaulia ionantha and some flowers of the Solanaceae family as stamen mimics, because flower visitors are unable to detect whether they contain pollen or not (Burkart et al. 2014) , causing new opportunities for deception. In dioecious Solanum species, the pistillate flowers offer less sterile pollen than the staminate flowers (Anderson 1979; Knapp et al. 1998) . Nectar mimicry is a rare phenomenon as compared to pollen mimicry (Vogel 1993) probably because pollen-imitating signals guide bees towards nectaries (Fig. 5) .
Within species, stamens and pollen are ephemeral and variable floral signals. The variation in this signal is caused by wilting of the stamens and by the condition of the anthers (closed, open, or depleted of pollen). This is due to the age of the flower, but also owing to the flowering phase of dichogamous flowers. Moreover, many flowering plants possess floral morphs because of within-flower heteranthery, e.g. feeding stamens and pollination stamens (Luo et al. 2008; Vallejo-Marín et al. 2009 ). Diclinous species possess flowers with and without stamens, and heterostylous species possess stamens of different lengths or c Fig. 5 Pollen and nectar mimicry and reward. a Eranthis hyemalis (Ranunculaceae) flowers visited by Eristalis tenax (Syrphidae) hoverflies feeding on nectar offered by stamen-like staminodes. b Cleome monophylla (Cleomaceae) displaying nectar-imitating as well as pollen-imitating structures. c Euphrasia rostkoviana (Orobanchaceae) with secondary pollen presentation on the anther-mimicking colour patch. d Swertia bimaculata (Gentianaceae) offers nectar on anther-mimicking colour patches. e Tinantia erecta (Commelinaceae) displaying heteranthery and some filaments with visually and tactile stimulating structures. f Verbascum densiflorum (Scrophulariaceae) with filamental hairs intensifying visual and tactile stimulation on the three feeding stamens position within the flower (Barrett 2012) . Between-species signal standardisation is advantageous for flower visitors that switch from one food plant to another using innate and learnt, generalised cues to orient at the new flowers.
Why can flowers benefit from displaying pollen-mimicking structures instead of real pollen? The ultimate answer relies on the biology of bees that not only passively transport pollen grains between flowers, but also collect large amounts of pollen to provision their offspring (Michener 2000) and store pollen grains in pollen transport organs which reduces the probability of pollination (Michener et al. 1978; Michener 1999 Michener , 2000 . Moreover, Michener and Grimaldi (1988) provided evidence that, throughout their evolution, flowering plants had to cope with the most effective way of pollen collection by bees with corbiculae, pollen baskets in which pollen grains are compacted with admixed nectar. Thus, the effective pollen collection in bees facilitates adaptations of flowering plants to hide the pollen (Lunau 2007) or protect pollen against the collection by corbiculate bees (Lunau et al. 2015) . The high frequency of pollen-and stamen-imitating andmimicking structures in flowering plants of various plant families reflects the crucial role of bees in shaping floral characteristics of angiosperms.
